[1] Using a Particle Analysis by Laser Mass Spectrometery (PALMS) instrument, we have measured the chemical components of 0.35 -2.5 mm in aerodynamic diameter aerosols during the Atlanta SuperSite Project in August 1999. During the whole campaign period, over a half million single-particle mass spectra were obtained, and about 380,000 spectra were selected for our data analysis. This paper describes the results for organic/sulfate, lead, soot, and mineral dust particles. The most common feature of the Atlanta single particles was the internal mixture of organic compounds and sulfate: 70-99% of the total spectra contained ions characteristic of organic species, and 90 -98% contained sulfate ions. These organic/sulfate particles often contained other chemical components such as nitrate, ammonium, halogens, metals, soot/hydrocarbons, and aluminosilicates. Various metals and metal oxides were also observed in Atlanta particles, including Li, B, Na, Mg, K, Ca, Fe, Cu, Zn, V, Sn, and Pb. In particular, small amounts of lead were observed in nearly half of the mass spectra with high signal-to-noise ratio. Many soot/hydrocarbon particles in Atlanta had water-soluble species such as sulfate, nitrate, and oxidized organic components in addition to metals. Mineral particles were detected as large aluminosilicates that also often contained sulfate and nitrate. More than 50 different elements were observed in single particles in Atlanta, which might be an issue for human health effects. Many aerosol components were not strongly dependent on wind direction, indicating that these aerosols were characteristic of the metropolitan area. The mass spectra observed in Atlanta were further compared with our previous results from Idaho Hill, Colorado (relatively remote continental air). These combined results show that the internal mixture of organic components and sulfate can be a general characteristic of tropospheric aerosols in the continental region.
Introduction
[2] Understanding the chemical composition of atmospheric aerosols is important for determining the effect of ambient particles on climate change and atmospheric chemistry. Aerosols can influence Earth's energy budget directly by scattering and absorbing light, or indirectly by changing the optical properties, abundance, and lifetimes of clouds [Charlson et al., 1992; Penner et al., 1994; Houghton et al., 1996] . Also, heterogeneous reactions on ambient aerosols have a potential role in determining gas phase concentrations in the atmosphere [e.g., Ravishankara, 1997] . Hazardous particles in the atmosphere, especially those smaller than 2.5 mm in aerodynamic diameter, are now considered to have a strong relationship to human health [Wilson and Spengler, 1996] . Recently, the U.S. Environmental Protection Agency (EPA) accordingly revised national ambient air quality standards for particulate matter with diameters less than 2.5 mm (PM 2.5 ) (EPA, National ambient air quality standards for particulate matter: Final rule, Federal Register, vol. 62, no. 138, 18 July 1997) . However, much more information regarding the chemical composition of atmospheric aerosols will be required to correctly estimate the health effects of aerosols.
[3] As a part of the EPA/Southern Oxidants Study (SOS) PM 2.5 Atlanta SuperSite Project (see P. Solomon et al., manuscript in preparation, 2001 ), we measured the chemical components of individual aerosols, from 0.35 to 2.5 mm in aerodynamic diameter, using a Particle Analysis by Laser Mass Spectrometry (PALMS) instrument during August 1999. The Atlanta SuperSite was located in the metropolitan area with frequent exposure to high levels of ozone, NO x , NO y , CO, SO 2 , and volatile organic compounds (VOCs) (E. Edgerton et al., manuscripts in preparation, 2001 ; J. St. John et al., Meteorological conditions during the Atlanta SuperSite Experiment, submitted to Journal of Geophysical Research, 2001) . Three large power plants were located within about 80 km in the northwest and southwest directions. Wind speeds were low, usually 0 -3 m/s and always less than 10 m/s. Ambient relative humidity (RH) varied with the time of day and wind direction but often exceeded 90% at night.
[4] This paper describes the chemical components of single particles in Atlanta as detected by the PALMS instrument, in particular focusing on organic/sulfate, lead, soot, and mineral particles. These Atlanta results are also compared with our previous single particle measurements at Idaho Hill, Colorado [Murphy and Thomson, 1997a Thomson, , 1997b , in relatively clean continental air. In a separate paper (S.-H. Lee et al., Nitrate and oxidized organic components in single particles during the 1999 Atlanta SuperSite Project, submitted to Journal of Geophysical Research, 2001 ) (hereinafter referred to as Lee et al., submitted manuscript, 2001) we present the variability of nitrate and oxidized organics as a function of time of day, wind direction, and ambient RH; only brief results are mentioned in this paper. Comparison results with other particle mass spectrometer groups are described by Middlebrook et al. [2001] .
Instrumental Description and Characterization of Mass Spectral Data
[5] The PALMS instrument can measure a wide range of chemical components in individual ambient particles. The instrument has been previously described [Murphy and Thomson, 1995; Thomson et al., 1997 Thomson et al., , 2000 . Briefly, particles enter the ionization region and pass through a continuous yttrium/aluminum/garnet (YAG) laser beam (l = 532 nm) with the power of about 78 mW in an area of 25 mm Â 150 mm. The scattered light signals trigger an excimer laser (l = 193 nm; laser fluence equals 2 -5 Â 10 9 W/cm 2 in a 2.5 ns pulse), and the triggered excimer beam desorbs and ionizes molecules in the particles. The ionized molecules/atoms/clusters are then detected by a time-of-flight mass spectrometer. With the change of polarity of mass spectrometer voltages, either negative or positive ion mass spectra are obtained from individual particles. Aerosol transmission in the PALMS instrument is size dependent and roughly proportional to particle mass [Middlebrook et al., 2000] . We did not attempt to correct the data for size-dependent transmission mainly because the particle size determined from the light scattering is not sufficiently accurate. The minimum optical size detected during the Atlanta SuperSite campaign was about 0.22 mm, which corresponds to approximately 0.35 mm in aerodynamic diameter for a density of 1.5 g/cm 3 . Many volatile components are detected without a significant loss, since particles were ionized soon after entering the instrument (<0.5 ms). A log amplifier applied to the detector prevents signal saturation and allows determination of low-concentration species, since the signal-tonoise ratio (S/N) was often better than 10 3 . PALMS is not fully quantitative because of the complicated laser ionization process, matrix and water vapor effects, and the dependence of ionization efficiency on laser fluence and particle size/shape [e.g., Thomson et al., 1997; Johnston and Wexler, 1995] . However, the large amount of mass spectral data allows some semiquantitative analysis, as shown in the Atlanta nitrate results (Lee et al., submitted manuscript, 2001) .
[6] A three-stage inlet was used for PALMS in the Atlanta SuperSite Project [Middlebrook et al., 2000] . The flow was laminar within the sampling inlet to minimize the turbulent deposition of particles. The entrance inlet was located 2 m above the platform at the trailer rooftops. The average flow velocity in the first stage was approximately 25.4 cm/s, yielding an average residence time of 12.6 s. A smaller sample flow was taken from the center of the main inlet flow into a PM 2.5 cyclone operated at near-ambient temperature and relative humidity underneath the platform. The sample flow then entered the trailer and either passed through a Nafion dryer or bypassed the dryer. The sample flow was split again from the centerline directly into the PALMS instrument. The estimated residence time through the dryer was less than 50 ms, and that between the dryer and PALMS instrument was about 0.2 s. By using the dryer we maintained the amount of water molecules relatively constant in particles and, as a result, reduced the water vapor effect on the laser ionization efficiency of different chemical species [Neubauer et al., 1998 ]. We also observed that single mass spectra had a better mass scale fitting and the total ion signal of each spectrum was higher with the dryer.
[7] PALMS data were obtained for three weeks in Atlanta from 3 to 24 August 1999. Mass spectra were collected continuously from 0600 LT to 1800 LT for most of the period, with nighttime measurements on 5, 10, and 15 August. The dryer was in the sampling line from 3 through 20 August and was removed from 21 through 24 August. During these three weeks we obtained over a half million mass spectra; about two thirds of them were positive, and the rest were negative spectra. We filtered raw data for spectra with the following characteristics: (1) The mass scale fit well to integers with reasonable values, and (2) the microchannel plate output integrated over all peaks was greater than 4.8 pC, which allows S/N to be higher than 100 for positive spectra and higher than 10 for negative spectra. Our negative spectra usually had lower total ion currents and lower signal-to-noise ratios than the positive spectra. Consequently, about 240,000 positive ion spectra and about 140,000 negative spectra were selected for further analysis. Using the mass spectral features of each species, we determined the frequencies with which they appeared in the total number of spectra. For the analyses of diurnal variation and wind direction dependence, we used the normalized ion fraction relative to the total ion current, since the ion fraction represents the relative amount of each species within a particle better than the absolute area of each ion peak [Murphy and Thomson, 1997a] .
Results and Discussion

Size Trends Determined From Light Scattering
[8] The intensity of the scattered light can be used to determine approximate particle sizes. Scattered light intensity dependence of different size latex spheres showed that larger particles, on average, scatter more light (Figure 1 ). Because particles can travel either through the middle or an edge of the YAG laser beam, we cannot size individual particles. However, for the broad size ranges we use, refractive index and shapes are expected to be less important than size in determining the scattered light signal.
[9] Figure 2 shows the histogram of the scattered light intensities for mineral particles and the other particles measured from 3 to 20 August at Atlanta. These histograms are intended to provide general size information about the particles sampled by PALMS rather than to show actual size distribution. Even so, mineral particles clearly showed higher scattered light intensities than other types of particles, indicating that mineral particles tend to be in larger sizes than other particles. Particles containing sulfate/organics, lead, and elemental carbons all had distributions of scattered light intensity similar to the solid line shown in Figure 2 . Although the inlet transmits larger particles more efficiently, the histogram shows that most of the data were representative of smaller particles.
[10] In general, sulfate and organics signals tended to have lower scattered light signals whereas those from nitrates and oxidized organics tended to have higher scattered light signals (Lee et al., submitted manuscript, 2001) . Some metal elements such as lead did not show any dependence on scattered light intensities. Also, the scattered light signals for both dried and undried particles increased with increasing ambient RH, indicating that particles were larger at higher RH. On average, particles with higher scattered light intensity had higher total ion signals and more ion peaks.
Internal Mixture of Organic and Sulfate
[11] Figure 2 shows the most typical single-particle positive and negative ion mass spectra for Atlanta aerosols. An internal mixture of organic and sulfate was very common and could be detected in single-particle spectra (Figures 3a and 3b) . Organic/sulfate par-ticles also contained other chemical components such as nitrate, ammonium, halogens, metals and metal oxides, soot/hydrocarbon components, and aluminosilicates. A large number of positive spectra also contained complicated organic components ( Figure  3c ), while many negative spectra were dominated by sulfate (Figure 3d) . Laboratory experiments have shown that organic compounds are more easily detected in positive ion spectra and sulfate is more easily detected in negative spectra . Although we did not measure simultaneous positive and negative spectra from the same single particles, statistical evidence indicated that such spectra (e.g., Figures 3c and 3d ) are internal mixtures of organic and sulfate species (see Figure 4) .
[12] The mass spectra clearly indicate the presence of organic components, but the complicated structures of the numerous organic compounds present and their frequent ion fragmentation made it impractical to assign specific organic compounds (e.g., Figure 3c) ) peaks represented sulfate. The isotopic ratios strongly support the identifications for sulfate. The average ion fraction of sulfate ion peaks decreased with scattered light intensity, indicating that sulfate tended to be higher in smaller particles (Lee et al., submitted manuscript, 2001 ).
[13] We have determined the approximate frequency of each species appearing in the total number of spectra using the frequency of appearance of various ion peaks (Figure 4 ). It should be noted that these frequencies were based on the number of spectra measured by the PALMS instrument and there were no corrections for the sampling bias due to different sizes. Some species have ambiguous ion signals, and some have different ionization efficiencies in positive and negative ion mass spectra [Thomson et ). As a result, 70 -99% of the total spectra, 70% as a lower limit and 99% as an upper limit, had organic components including hydrocarbon or oxidized hydrocarbon (HC/HCO) species. By examining the frequency of sulfate ions (see above), we also found that 90 -98% of spectra contained sulfate.
[14] Aerosol components and ambient RH were analyzed as a function of time of day and wind direction ( Figure 5 ). Ambient RH was higher in the morning than in the middle of the day and higher in the east and southwest directions. Sulfate did not appear to have a strong diurnal variation, although it was high around 1500 LT. Sulfate's value was higher in westerly air masses than in other air masses. There were three major power plants located southwest and northwest of Atlanta.
[15] The organic components were a common feature of aerosols in the Atlanta region. They increased slightly during the day ( Figure 5 ). Although the organic component was lower and the sulfate ion fraction was higher in the west direction, organic components were still present in those particles. Bulk measurements during the Atlanta SuperSite Project (e.g., K. , submitted manuscript, 2001) showed that the total aerosol mass was dominated by sulfate (about 60% by mass) and organics (about 30% by mass). Our data along with those of the other single-particle groups (D.-Y. Liu et al., manuscript in preparation, 2001; K. Rhoads et al., Size-resolved ultrafine particle composition analysis of ultra-fine aerosol in Atlanta, 1; 2, submitted to Journal of Geophysical Research, 2001a Research, , 2001b (hereinafter referred to as Rhoads et al., submitted manuscript, 2001a Rhoads et al., submitted manuscript, , 2001b clearly showed that sulfate and organics commonly coexisted within the same particle. The internal mixing of sulfate and organic components must be taken into account when predicting the chemical and physical properties of Atlanta aerosols. For example, organics affect the hygroscopic growth of inorganic particles [Saxena et al., 1995] , and also the heterogeneous loss of OH radicals increases for aqueous ammonium sulfate particles when coated with hexanol [Cooper and Abbatt, 1996] .
[16] The internal mixture of sulfate and organic components is probably a common feature of continental aerosols. Besides Atlanta, single-particle measurements both at a relatively clean continental site Thomson, 1997a, 1997b] and from an aircraft in the upper troposphere [Murphy et al., 1998 ] showed a high fraction of internally mixed sulfate and organic particles. An internal mixture is also consistent with laboratory experiments that showed that sulfuric acid particles are easily contaminated by organics [Huntzicker et al., 1980; Middlebrook et al., 1997] . Some exceptions to the sulfate-organic internal mixture have been noted, such as the nitrate-dominated aerosols in the Los Angeles region [Hughes et al., 2000] .
[17] Although most organics could not be identified from the single-particle mass spectra, a few specific organic mass peaks were tentatively identified on the basis of the probable ion fragments. For example, there were 45 (CHO 2 À , formate), 59 (CH 3 CO 2 À , acetate), 73 (CH 3 CH 2 CO 2 À , propionate), and 111 (CH 2 (OH)SO 3 À , hydroxymethanesulfonate or HMS) [Neubauer et al., 1997] , as shown in Figure 3b . Some monoacid peaks may also arise from organic alcohols (e.g., 45 = CH 3 CH 2 O À , 59 = CH 3 CH 2 CH 2 O À ), but the alcohols have higher vapor pressures than the corresponding acids and are therefore less likely to be in the aerosol phase; the peak at 73 can be glyoxalate (CHOCO 2 À ). Alternative peak identification of inorganic or unoxidized organic species at the same ion peaks (e.g., 59 = AlO 2 À , 73 = C 6 H À ,) was ruled out by examining the other peaks within the same spectrum. About 40% of the negative spectra contained organic acids (Figure 4) , and about 10% of the total negative spectra contained carboxylic acids and HMS together. The coexistence of organic acids and HMS may suggest secondary organic aerosol production via aqueous processes [Blando and Turpin, 2000] . However, there is also an apparent correlation between these organic acids and the ambient RH, which indicates gas/particle partitioning processes for secondary aerosol formation. More detailed results are discussed in a separate paper (Lee et al., submitted manuscript, 2001 ).
Other Inorganic Species:
Ammonium, Halogens, and Nitrate
[18] It has been shown that sulfates often contain ammonium [Hayes et al., 1980; Huntzicker et al., 1980] . About 50 -99% of the spectra contained ammonium in Atlanta (Figure 4) Figure 3a) , the actual frequency of ammonium was probably not as high as the 99% upper limit. Ammonium (mass 18) did not show a clear diurnal trend but had higher values in air masses from the east to southwest directions ( Figure 5 ). Like sulfate, the ammonium (mass 18) ion fraction decreased with the ambient RH. However, ammonium signals were higher in particles with high scattered light intensity, which was unlike sulfate but similar to nitrate.
[ (Figure 4 ), but no typical sea salt cluster ions such as positive or negative Na m Cl n (m, n = 1, 2, 3, etc.) ions were observed in Atlanta. Any sodium chloride particles may have undergone heterogeneous reactions with HNO 3 , etc. [e.g., Gard et al., 1998 ], during the transport to Atlanta, so that most of the chlorine was replaced. Moreover, the chlorine ion fraction increased with ambient RH, which may suggest that particle chlorine observed in Atlanta was related to the gas phase HCl.
[20] Fluorine, bromine, and iodine were present in up to 2%, 0.4%, and 0.3% of the spectra, respectively (Figure 4) work is required to understand whether such NO + was produced from an extensive rearrangement of (NH 4 ) 2 SO 4 À or directly from nitrate impurities. Twenty to ninety -nine percent of the total spectra contained nitrate (Figure 4 ). Further analyses of nitrate are discussed in detail elsewhere (Lee et al., submitted manuscript, 2001 ). Very briefly, nitrate had a clear diurnal variation with an early morning maximum, which was similar to the ambient RH variation. Nitrate also had a small afternoon peak when gas phase HNO 3 concentrations were high, in particular, on the soot and mineral particles.
Metals and Metal Oxides
[22] Various metals were measured in Atlanta (Figure 4 ), often with their oxides or clusters and with other species such as organics, sulfate, nitrate, ammonium, soot/hydrocarbons, and dust components ( Figure 6 ). Lead frequently appeared in positive spectra ( Figure 6) ; at least 18% of the total positive spectra (S/N > 100) contained lead (Figure 4) . Also, about 1 -2% of the spectra contained tin (Figure 4) , and up to 1% of the spectra contained both tin and lead together (e.g., Figure 6a ). In contrast to sulfate, lead did not show significant dependence on ambient RH or wind direction ( Figure 5 ). Lead-containing particles also did not show any significant trend with scattered light intensity.
[23] The frequency of lead-containing spectra increased when spectra with higher S/N were analyzed (see the third column of . Approximate frequencies of some typical chemical components appearing in the total number of spectra (S/N > 100 for positive and S/N > 10 for negative spectra). ''Organic'' includes all hydrocarbon and oxidized hydrocarbons, ''organic acids'' include only monoacids or diacids, and ''mineral'' includes only aluminosilicate particles (see text for details). These frequencies depend on how clearly each species was identified by its ion signals and on the different ionization efficiencies for different species. Therefore we show different upper and lower limits for the same species, and for some species only a lower or upper limit is shown. Also, transmission efficiencies for particles into the instrument vary with particle sizes [Middlebrook et al., 2000 ], but we do not make any corrections for such sampling bias since the sizing measurement by scattered light signals is not sufficiently accurate. Soot often contains organic peaks other than C n , C n H, and C n H 2 (n = 1, 2, 3, etc.), which makes it difficult to distinguish soot from organics-containing soot particles; hence, for soot particles only the lower limit is shown here. For some species, especially when the ion signals are low, the frequency can change according to S/N. For example, the lower limit of lead is 18% when S/N > 100 but also can be as high as 50% when S/N > 1 Â 10 4 (see text and Table 1 ). In addition to the species shown here, there are other species in Atlanta particles, including bromine, zinc, iodine, beryllium, vanadium, etc. (see Figure 7) , with an upper or lower limit usually lower than 1%. Figure 5 . Diurnal variation (Figures 5a, 5c , 5e, 5g, 5i, 5k, and 5m) and wind direction dependence (Figures 5b, 5d , 5f, 5h, 5j, 5l, and 5n) for RH, sulfate, organic components, ammonium (mass 18), lead, soot, and aluminosilicate components. The unit for ambient RH is percent, and for each chemical component the averaged ion fraction of the component relative to the total ion current is shown. The data used here are representative for the entire period of the experiment when PALMS was collecting data (from 3 to 24 August 1999). About 125,000 positive spectra, which overlap with meteorological data, are used for sulfate, organics, ammonium, lead, and soot; 90,000 negative spectra are used for aluminosilicate components. Each point for sulfate, organics, and ammonium represents the averaged value for 1000 spectra, and for the lead, soot, and aluminosilicate plots, 2500 spectra are averaged at each point. Table 1 ). There are two possible causes for this. There could have been many particles containing such small amounts of lead that it appears only in optimal mass spectra with the particles well centered in the laser beam. Or the high-S/N spectra could have been biased to certain types of particles that happen to contain lead. In an attempt to distinguish these possibilities, the last column of Table 1 shows the fraction of spectra containing relatively large lead peaks ( 208 Pb + > 0.1% of the ion current). The frequency for those large lead ion signals did not change significantly with increasing S/N, indicating that the high-S/N spectra are probably not biased toward lead. The other alternative, that nearly half the particles sampled by PALMS may have contained small amounts of lead, may pose theories of how lead is mobilized in the environment. Lead was often 10 À4 to 10 À3 of the aerosol mass (Solomon et al., submitted manuscript, 2001) , which is consistent with lead being near the PALMS detection limit if it is spread out over many particles. Figure 6 . Examples of single-particle mass spectra containing metals. (a) A positive spectrum containing Sn and Pb in the same single particle. Pb was common in Atlanta (see Table 1 ). (b) A relatively rare positive spectrum containing metal/metal oxides, for example, Li, K, Mo, MoO, W, WO, and Pb. (c) A rare positive spectrum containing several metals in the same particle, such as Na, Mg, Al, K, Ca, V, Sn, Sb, Ba, BaO, Tl, and Pb. This particle also contains mineral components such as Si, SiO, Fe, FeO, Ti, and TiO.
[24] Lead is primarily released from anthropogenic sources, such as industrial activity, emissions from cars, waste incineration, metal smelters, and oil and coal combustion [Nriagu, 1978; Kowalczyk et al., 1978; Van Borm et al., 1990; Chillrud et al., 1999; Wang et al., 2000] , and also from natural sources like soil dust and biogenic activities [Patterson and Settle, 1987; Radlein and Heumann, 1995; Freydier et al., 1999] . In Atlanta, lead appeared frequently in the organic/sulfate particles and was less correlated with dust particles. At Idaho Hill, lead was relatively less common in polluted air than in clean air [Murphy and Thomson, 1997b] . Lead has long-range transport properties and various emission sources, including vegetation, that can play a role in producing and/or recycling lead [Freydier et al., 1999] . Even so, the high frequency of lead observed in Atlanta particles is surprising.
[25] More than 50 different elements were observed in Atlanta (Figure 7) , including various metal elements. Most of these metals were identified by their isotopic ratios. There were several more elements detected in Atlanta, like Se, Re, Pt, Pd, Ru, Rh, Sc, and Y, than in the upper troposphere/stratosphere by the same PALMS technique [Murphy et al., 1998 ]. The abundance of various elements measured in Atlanta particles can be an important issue for regional air quality and health effects. The first-row transition metals, especially, have been suggested to be efficient in producing an inflammatory response in the lung; for example, surface-complexed iron can generate toxic hydroxyl radicals in lung tissue [Amdur, 1996; Utell and Samet, 1996] . In Atlanta, more than 2% of the spectra contained iron ion peaks ( 54 Fe + , 56 Fe + , and 57 Fe + ) (Figure 4) .
[26] In single-particle mass spectra, metals often appeared with their oxides, such as K m O n , Fe m O n , VO, PbO, SnO, Mo m O n , BaO, etc. (m or n = 1, 2, 3, etc.) (e.g., Figure 6b ). Thus some metal ions observed in mass spectra might be partially due to the fragmentation from such metal oxides. We believe that these metal oxides were present in the particles rather than being formed during the laser ionization process, although laboratory experiments are required to confirm this hypothesis. In fact, some metal ions are well correlated with their metal oxides; for example, lead and vanadium peaks are highly correlated with their respective oxides, PbO and VO. By making oxides, metal elements may be more stable in the condensed phase.
[27] Figure 6c shows a rare positive spectrum that contained several different metals and metal oxides in the same particle; for example, Na, Mg, K, Ca, V, Sr, Mo, Sn, Sb, Ba, Tl, and Pb were in this particular particle. This particle also contained some typical mineral components such as Al, Si, SiO, Fe, FeO, Ti, and TiO. Such complicated particles may have originated from coal combustion, where mineral components may be internally mixed with numerous metals [Haynes et al., 1982; Linak and Wendt, 1994] .
Urban Soot/Hydrocarbon Particles
[28] The carbon cluster peaks shown in Figure 8acame from soot. Soot particles produce mass spectra with a distinctive pattern of C n , C n H, C n H 2 , and C n H 3 (n = 1, 2, 3, etc.) peaks in both positive and negative spectra. In laboratory experiments, certain hydrocarbons (e.g., tridecane and latex spheres) also produced soot-like negative spectra similar to that shown in Figure 8b . Therefore we named these spectra soot/hydrocarbon particles. Also, as a general trend, the C n ion peaks in soot/hydrocarbon particles showed different patterns in positive and negative ion spectra: In negative spectra, C 2n (n = 1, 2, 3, etc.) peaks were often higher than C 2n + 1 peaks (Figure 8b) , and in positive spectra, C 2n + 1 peaks were higher than C 2n peaks (Figure 8a) . A similar trend for some organic compounds has been reported by other studies [see Silva and Prather, 2000, and references therein] . More than 2% of the spectra contained these distinct soot/hydrocarbon patterns (Figure 4 ). Soot components showed higher values in the daytime, especially around 0800 and 1600 LT, than at night ( Figure 5) . Also, soot components were higher in westerly air masses.
[29] Soot particles also often contained metals. For example, the specific soot/hydrocarbon particle shown in Figure 8a had potassium, which is a biomass marker [Artaxo et al., 1994] , and zinc and lead, which can be from industrial emissions. Some metal species can play a catalytic role for heterogeneous reactions on soot. For example, the efficiency of SO 2 oxidation on soot can be higher in the presence of metal oxides such as MnO 2 , V 2 O 5 , CuO, Fe 2 O 3 , and Al 2 O 3 compared to pure soot surfaces [Chughtai et al., 1993] . It is noted that these soot particles also often contained tin (not shown).
[30] In addition, a high fraction of Atlanta soot/hydrocarbon particles contained various water-soluble components including sulfates (about 95%) (see Figure 8b) , as well as nitrates (about 65%) and oxidized organic components (85%). Even in remote oceanic areas such as the Southern Ocean and North Atlantic Ocean, a significant fraction of sulfates contain soot inclusions Buseck and Posfai, 1999] . Internal mixtures of soot/sulfate can be formed by coagulation, by the reaction of SO 2 , or by direct condensation of H 2 SO 4 on soot surfaces [e.g., Rogaski et al., 1997] . Such internal mixtures can enhance light absorption compared to the pure soot particles [Fuller et al., 1999; Jacobson, 2001] . The presence of water-soluble species on the Atlanta soot particles suggests that the soot particles may be hygroscopic [Lammel and Novakov, 1995] .
[31] It should be mentioned that in Atlanta we also observed some soot/hydrocarbon particles (Figure 8c ) that do not contain metals or sulfates and, therefore, may indicate ''fresh'' primary combustion soot. Some of these ''fresh'' soot/hydrocarbon particles also contained oxidized carbon, such as C m O n (m or n = 1, 2, 3, 52,257 43% 3% a Signal-to-noise ratio (S/N) is defined as the ratio of the total ion signal to the smallest detectable peak. Figure 7 . Elements detected by PALMS in Atlanta single particles. When the element has only one isotopic ion or its ion peaks overlapped with the fragmentation ions from other species, the ion peak identification is less clear. Hence the frequencies cited here are approximate.
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etc.), that might be produced during soot formation [Mauss et al., 1994] . These results further suggest the variety of chemical species present in urban soot particles.
Mineral Particles
[32] Atlanta mineral particles were identified by the presence of alumina and aluminosilicates. Typical negative ion peaks representing mineral components were 59 (AlO 2 À ), 76 (SiO 3 À ), and 119 (AlSiO 4 À ) (Figure 9 ). The negative 59 ion peak can also be C 2 H 3 O 2 À , and the 119 peak can be NaSO 4 À , but the aluminosilicate particles often contained all three of those ion peaks. There were some positive spectra that contained typical peaks representing mineral components such as Al, Si, Al m O n , and Si m O n (m or n = 1, 2, 3, etc.); in this type of positive Figure 8 . Examples of Atlanta single-particle mass spectra containing soot/hydrocarbon components. (a) A positive spectrum containing soot/hydrocarbon components with nitrate (NO + ) as well as Li, Na, K, Zn, and Pb. (b) A negative spectrum that has the typical soot/hydrocarbon pattern and also contains sulfate. Note that some organic hydrocarbons can also produce similar negative spectra (see text). (c) A rare positive ion spectrum containing soot/ hydrocarbon components without metals or sulfate and with some oxidized carbons. spectra, 44 (SiO + ), 84 (Si 3 + ), and 106 (Si 2 O 2 (H 2 O) + ) ion peaks were common. In positive spectra, Al, Ca, and Fe and their oxides might also indicate mineral components (see, e.g., Figure 6c ). The aluminosilicate particles were more common in negative spectra than in positive spectra; 1 -2% of the negative spectra contained aluminosilicate components. Thus, in this paper, only negative spectra (similar to that shown in Figure 9 ) were used to represent the mineral particles. The scattered light signals indicate that these mineral particles were larger than the organic/sulfate particles (Figure 2) . Also, aluminosilicate components were more common during the day than at night, and for westerly air masses than in other directions ( Figure 5 ).
[33] The aluminosilicate particles in Atlanta also often contained water-soluble species (see, e.g., Figure 9 ); about 95% of the mineral particles contained sulfate, 80% contained nitrate, and 95% contained water-soluble organic acids. Other studies by transmission electron microscopy (TEM) and X-ray spectroscopy have also shown direct evidence that many dust particles are coated with water-soluble materials, such as sulfate and/or nitrate [Parungo et al., 1995; Okada et al., 1990; Buseck and Posfai, 1999] . In continental areas over Asia, the western United States, Australia, and North Africa, and over some parts of the oceans, large fractions of sulfate and especially nitrate are associated with mineral particles [e.g., see Dentener et al., 1996] .
Comparison With Idaho Hill Particles
[34] When the chemical components of single particles measured by the PALMS technique in Atlanta (polluted air) are compared with those at Idaho Hill, Colorado (less polluted tropospheric air in the western United States) Thomson, 1997a, 1997b ], the most common particle type at both locations was the internal mixture of organic compounds and sulfate. In positive ion spectra, organics were common at both locations, as well as some metal elements such as B, Na, K, Ca, Fe, Cu, Zn, V, and Pb. However, Atlanta particles contained more varieties of metals (e.g., see Figure 7 ), metal oxides, and their clusters, possibly due to the proximity of industrial emission sources. In negative ion spectra, sulfate was very common at both locations. At Idaho Hill, mineral particles were more common than in Atlanta. At Idaho Hill, nitrate was highly correlated with dust particles, whereas Atlanta nitrate was more often internally mixed with organic/sulfate particles. In addition, the Idaho Hill particles contained chlorine more frequently. At both locations, there was little correlation between gas phase concentrations of, for example, NO x and the chemical composition of particles.
Summary
[35] We have measured the chemical components of single particles from 0.35 to 2.5 mm in aerodynamic diameter with a PALMS instrument during August 1999 in Atlanta. The most common feature of Atlanta single particles was the internal mixture of organic compounds and sulfate. These organic/sulfate particles also contained other chemical components such as nitrate, ammonium, metals, soot/hydrocarbon, aluminosilicates, and halogens. Many single particles were complicated mixtures of these components.
[36] More than 50 different elements were measured in Atlanta. In particular, low concentrations of lead were observed in a high fraction of the particles sampled. The presence of lead in so many particles may be a constraint on mechanisms for its distribution through the environment. Lead did not show any wind direction dependence.
[37] The Atlanta soot/hydrocarbon particles contained metals and various water-soluble compounds including nitrate, sulfate, and organic acids. These chemical components may have important implications for the optical properties of soot, its ability to nucleate clouds, and its lifetime in the atmosphere. Also, heterogeneous reactions on tropospheric soot and the impact on atmospheric chemistry need to be evaluated using such complicated chemical mixtures. Also, mineral dust particles often contained nitrate and sulfate, suggesting heterogeneous reactions or uptake of nitrogen and sulfur species on dust particles.
[38] There was, in general, a weak correlation between aerosol components and wind direction; such a weak correlation may be due to the regional nature of Atlanta particles. A similar trend has also been measured by A. Russell et al. (manuscript in preparation, 2001) . Internal mixtures of organics and sulfate have been found by our group, as well as by other single-particle groups during the Atlanta SuperSite Project (D.-Y. Liu et al., manuscript in preparation, 2001; Rhoads et al., submitted manuscript, 2001a Rhoads et al., submitted manuscript, , 2001b . These Atlanta data combined with our previous single-particle data measured at Idaho Hill, at Boulder, and in the upper troposphere further suggest that the internal mixture of organics and sulfate is a general feature for tropospheric aerosols in the continental region. This feature will be important for understanding the heterogeneous chemistry, optical properties, and human health effects of tropospheric aerosols. Figure 9 . A negative spectrum containing mineral components. This aluminosilicate particle also contains fluorine, chlorine, nitrate, sulfate, and some organic components.
